Advances in genomics are revolutionizing how diseases are prevented, diagnosed, and treated, across all fields of medicine. In reproductive medicine, genomic technologies are used for carrier, embryo, and prenatal screening. However, to date, genetic information has not been widely utilized for guiding treatment decisions or identifying individuals at risk for reproductive conditions, including those that can lead to infertility and early menopause. In contrast, analysis of genetic biomarkers is now the standard of care in oncology [1] . Today, oncologists routinely categorize tumors based on genetic signatures and refine their treatment strategies accordingly. This targeted approach to more personalized treatment has led to significantly higher progression-free survival rates when compared to the outcomes of conventional therapies [2] . Knowledge of patients' genetic risk factors has also decreased patient morbidity and mortality by more precisely revealing individuals who would benefit from preventative cancer screenings such as colonoscopies or mammograms.
The number of peer-reviewed articles investigating the genetics of reproductive conditions continues to grow (Fig. 1) . Among these published studies is evidence suggesting that subclinical factors, for example dysregulation of ovarian follicle development, hormone metabolism, and immune system function, influence a woman's chances of experiencing reproductive difficulties [3] [4] [5] [6] . Translation of these new findings into genetic testing panels that simultaneously interrogate multiple genetic biomarkers of risk for reproductive conditions is now economically feasible given the decreasing cost of genetic sequencing. JARG recently published a review by Dr. Stephen Collins heralding this new era of personalized reproductive medicine [7] . In this article, Dr. Collins provides a clinician's perspective on both the opportunities and challenges of multigene panel testing, drawing on the lessons learned from the increasing use of genetic biomarkers in oncology.
The article highlights how multigene panel tests offer a superior time-and cost-effective option to assess genetic factors related to reproductive disorders by providing a simultaneous evaluation of multiple risk alleles. This observation is of particular importance, given the large out-of-pocket healthcare expenses faced by individuals seeking treatment for infertility or fertility preservation. The low cost-effectiveness of single gene tests has potentially contributed to the low adoption of genetic testing in reproductive medicine despite the growing menu of genetic tests that interrogate single factors related to female and male factor infertility. Multigene panels overcome this challenge by interrogating several relevant markers in a single test.
One opportunity not articulated in the Collins review is that multigene panel tests can potentially provide molecular, subclinical insights into a patient's unique reproductive physiology and function/dysfunction. Such insights are the true promise of personalized reproductive medicine and could help refine descriptive diagnoses such as recurrent pregnancy loss (RPL) or diminished ovarian reserve (DOR) to include underlying biological alterations disrupting key reproductive processes such as ovarian follicle development or embryo implantation. For example, current guidelines for clinical assessment of a patient experiencing RPL suggest evaluation of genetic factors such as parental karyotype, markers of thrombophilia when the patient has a personal or family history of venous thromboembolism, antiphosopholipid (AP) syndrome, uterine anatomy, and hormone, metabolic, and lifestyle factors. The results of a standard assessment can lead to changes in treatment approaches. For example, patients in which AP antibodies are detected can be treated with a combination of unfractionated heparin and low-dose aspirin [8] . However, even after full RPL assessments, the root cause of up to 50% of RPL cases remains unexplained, meaning customized treatment options are thus limited. Multigene panel tests that reveal subclinical alterations in, for example, immune function or hormone metabolism, have the potential to suggest additional RPL risk factors that could lead to interventions based on a more refined understanding of the underlying etiology of the condition, in the same way that AP antibody detection does for a subset of RPL patients. The benefits of this strategy have already been realized in the oncology field, where particular drugs that initially failed clinical studies were later demonstrated to be effective after genetic stratification of patients or tumors [9] . Moreover, even when a clear intervention is not currently available, patients with unexplained RPL or infertility desire additional insight into genetic risk factors that could be contributing to their condition. In a US national survey of public perceptions of miscarriage, among study participants reporting a history of miscarriage, 47% reported feeling guilty, 41% reported feeling that they had done something wrong, and 38% reported feeling they could have prevented it. Among all survey respondents, 78% indicated they would like to know the cause of miscarriage even if it would not help prevent future miscarriage [10] . Not being given any explanation for the cause of reproductive difficulties adds to the emotional, physical, and financial burden of infertility treatment for these individuals. Multigene panel tests, together with genetic counseling, hold the potential to improve both outcomes and the patient experience.
As with the introduction of any new technology, care must be taken to ensure that technological advances are leveraged appropriately to provide meaningful benefits to patients. Collins highlights some of the challenges related to bringing multigene panel tests to a new field of medicine, which are not unique to reproductive medicine. Prior to embracing a new genetic test, health care providers and the public expect evidence-based recommendations for its use. While multiple resources exist for establishing the diagnostic relationship between a gene/variant and Mendelian disorders [8] , no standard framework currently exists for systematically assessing and statistically validating genetic risk factors associated with complex heterogeneous diseases like reproductive conditions. In the absence of established guidelines, it would be prudent to use the conceptual principles of a resource such as the Clinical Genome (ClinGen) Gene-Disease Clinical Validity Classification Framework [11] to rank and evaluate gene-and variant-level associations with reproductive conditions. One could argue that only variants that fall within genetic loci with strong evidence linking them to a reproductive condition and that hold up to rigorous statistical validation analysis should be incorporated into multigene testing panels. Also, since multigene panel tests are not regulated by the FDA, but rather through individual state departments of health, it is important for physicians to understand the regulatory standards for genetic testing in each state and recognize that these standards are not uniform throughout the country.
Reporting genetic test results from complex disorders is likely to be fundamentally different from traditional genetic tests for monogenic disorders, especially since results may be Fig. 1 Cumulative number of published genetic studies related to reproductive conditions, plotted by year. Types of studies include casecontrol association studies, linkage analysis studies, GWASs, and individual case reports, among others. Reproductive conditions include endometriosis, polycystic ovary syndrome, hyperandrogenism, recurrent pregnancy loss, recurrent implantation failure, diminished ovarian reserve, primary ovarian insufficiency, early menopause, idiopathic infertility, ovarian hyperstimulation syndrome, and response/outcome predictors more appropriately presented as risk factors as opposed to diagnostic markers. Genetic testing for risk factors, which by definition is probabilistic and not diagnostic, will always have inherent challenges. One challenge raised by Collins is where to draw the line on extent of risk, often interpreted and/or estimated from odds ratios (ORs). To exemplify this, Collins focuses on the subset of genetic markers of the Fertilome® test related to primary ovarian insufficiency (POI), which has ORs ranging from 1.5 to 4.5. Collins suggests that the bar for clinical utility should be higher, due to low absolute risk. However, risk factors with comparable odds ratios have made significant clinical and societal impacts, even in the context of low absolute risk. For example, prone sleeping position is associated with an increased risk of sudden infant death syndrome (SIDS) when compared to back sleeping position, with a pooled odds ratio of 4.46 (from a meta-analysis of 25 studies) [12] . Though the absolute risk of SIDS was only around one in every 1000 births at the time [13] , the identification of prone sleeping as a risk factor still influenced the launch of a national "Back to Sleep" campaign in 1994 by the National Institute of Child Health and Development [14] . In the 10 years after initiating this campaign, the SIDS rate declined by > 50% [15] , which is considered to be a spectacular achievement for public health [16] . Smoking exposure is another relevant example. A meta-analysis of 12 studies revealed an overall OR of 1.60 for risk of infertility in women smokers vs. non-smokers [17] . Despite the relatively low OR, the American Society for Reproductive Medicine and the Society for Reproductive Endocrinology and Infertility both consider smoking to negatively impact fertility and consequently recommend avoidance for couples trying to conceive [18] . Thus, low absolute risk should not, in of itself, be a sole determinant of whether genetic risk factors should be incorporated into patient counseling. As with SIDS intervention or smoking cessation, there are clear actions that can be taken if a woman is identified as carrying a genetic risk factor for POI. These can range from closer monitoring of her hormone levels through her reproductive years, to fertility preservation through egg freezing. Genetic information may also influence some women to start families earlier in their lives or avoid environmental and lifestyle risk factors that may further accelerate decline of their ovarian reserve. Everyone has a different level of risk tolerance, and drawing an absolute line at an arbitrary odds ratio for a particular genetic variant may not be in the best interest of all patients. Some women may choose to make changes based on relatively low levels of risk. Further, absolute risk is less relevant than the accurate assessment of risk based on statistically significant odds ratios calculated from data reported by wellcontrolled studies. Choosing variants that meet these criteria allows clinicians and patients to assess risk in the context of a woman's personal clinical situation and preferences. Without giving women access to this genetic risk information, this choice is effectively taken away.
One additional point raised in the Collins review that warrants discussion concerns the term "pathogenic" when applied to a genetic variant. "Pathogenic" is used to denote a gene alteration that causes disease in a particular context [19] . In the context of infertility, a complex and heterogeneous condition, it is important to recognize that a variant's demonstrated impact on protein function may not be sufficient to result in a given phenotype. Therefore, gene alterations functionally implicated in biological processes related to a gene may not be appropriate candidates for an infertility gene panel in the absence of multiple independent studies demonstrating a clinical association in affected individuals. As an example, the ZP1 gene is part of the "infertility" or "POI" panel for six different commercial entities. The ZP1 protein, one of the glycoproteins that make up the zona pellucida, has been well studied from a functional perspective in vitro and in mouse models [20, 21] . However, only one paper has linked alterations in this gene to possible reproductive difficulties in humans [22] . The paper, by Huang et al., describes a homozygous frameshift mutation in ZP1 in six family members. The authors themselves make the argument that consanguinity significantly weakens the results of this study. This underscores the necessity of physicians to familiarize themselves with the science behind gene panels and to hold the laboratories conducting these assays accountable for doing due diligence in assessing the strength of the evidence linking the variants included on the commercial gene panels to the various reproductive conditions and ensure that the associations hold up to rigorous statistical standards.
Another challenge raised by the Collins review is in the generalizability of associations in various racial and ethnic populations to which they are being applied. For example, the rs254286 variant, within the GDF9 gene, has been assessed for its association with POI in both Indian [23] and Chinese [24] cohorts. Collins expressed concerns that this variant has only been studied in these "Asian" populations and therefore may not be broadly applicable. It should be noted that while these study populations are geographically "Asian," South Asians (SAS) are genetically distinct from East Asians (EAS) [25] , and the allele frequencies for this variant from these two super-populations vary substantially (0.29 for EAS and 0.62 for SAS). We certainly agree that it is important to verify and track the association of a new marker in different populations. However, for the GDF9 variant, an association with POI was independently validated in a metaanalysis of two distinct populations with very different allele frequencies, providing compelling evidence in support of the association.
It seems likely that in the future, we will look back in amazement and wonder at how reproductive medicine was practiced without the personalization and molecular insights provided by genetic testing. In the years to come, we can expect different sub-specialties to emerge, with physicians speaking a newly-defined language that is less grounded in hormone levels and ultrasound measurements and based more on individual genetic profiles that relate to specific biological processes. It is exciting to be at the dawn of this new era, but there remains a burden of responsibility on those developing and implementing these groundbreaking technologies to show concrete evidence of clinical utility and patient benefits. Drawing on the example of targeted cancer therapeutics as a guide, it is anticipated that the provision of more personalized explanations for reproductive conditions will also be accompanied by a growing menu of molecularly targeted interventions with fewer side effects and higher success rates. Ultimately, the era of personalized reproductive medicine will enable a shift from current reactive treatments for reproductive issues to the proactive management of lifelong reproductive potential.
